Abstract: Osteoarthritis (OA) is the most common major disabling disease in humans and horses. Hyaluronic acid (HA), naturally abundantly present in synovial fluid (SF), is thought to have crucial impact on the functional rheological and biochemical features of SF in healthy and osteoarthritic joints. Here we present comparative measurements of HA concentration in SF from 35 normal and osteoarthritic equine joints, between two different approaches. On the one hand, an established biochemical HA-specific Enzyme-Linked Immunosorbent Assay (ELISA) assay was employed, which determined that SF in healthy and osteoarthritic equine joints is characterized by HA concentration of ca 0.3-2 mg/mL and 0.1-0.7 mg/mL respectively. On the other hand the same SF samples were also examined with a new exploratory approach of finding out HA concentration, which is based on SF rheology. This was done following "calibration" using appropriate model HA solutions. Comparative analysis of the results obtained by both the biochemical and the rheological approaches, revealed that in most cases the rheological approach greatly overestimates HA concentration in SF, by ca 3 to 8 times and 6 to 11 times, in healthy and diseased SF respectively. Overall these findings support the notion that, contrary to the established view, HA may not be the major contributor of equine SF rheology. This should be taken into account for the development of new more effective preventive strategies, as well as more effective early-stage interventions in osteoarthritis.
Introduction
Osteoarthritis (OA) is a chronic, degenerative joint disease, and it is an important cause of pain, disability and economic burden. It is the most common joint disease in humans as well as in horses; it is estimated that in 2008 over 100 million adults were affected by clinical OA in the USA and in Europe [1] [2] [3] . The main characteristic of the disease is the gradual degradation of cartilage as the extracellular matrix (ECM) degrades [4] . Physiologically, chondrocytes maintain an equilibrium between the synthesis and the degradation of ECM components such as collagen type II and aggrecan. However, in pathological circumstances, this balance is disrupted and a progressive loss of the articular cartilage (AC) begins. This process results in pain and physical disability [5] [6] [7] [8] .
In addition, in pathological situations, there is a decrease in the concentration and molecular weight of hyaluronic acid (HA), a linear anionic polysaccharide composed of repeated disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid [9, 10] , in synovial fluid (SF) [4] . Synovial fluid, a small amount of viscoelastic non-Newtonian fluid, acts both as a biological lubricant between the surfaces of the articular cartilage of the joint [11, 12] and as a medium for nutrient transport to chondrocytes [13] . It is an ultrafiltrate of plasma, with a clear to pale yellow color [14] and it mainly consists of HA polymeric chains, which form a transient network structure [15] and other factors such as lubricin (also known as PRG4), a glycoprotein that facilitates the gliding motions in joints, blood plasma proteins, such as albumin and γ-globulin and surface-active phospholipids (SAPL) [11] . HA and PRG4 (~220 kDa) are reported to be the primary lubricant macromolecules in SF [16] and the latter seems to play a crucial role in organizing HA macromolecules and providing SF with the capacity to dissipate strain energy and display shock absorbing properties [12] . HA concentration in healthy adult human synovial fluid ranges from 2.5 to 4 mg/mL and its molecular weight from 4 to 5 × 10 6 Da [2] . On the other hand, healthy equine synovial fluid is characterized by HA with an average MW ranging from 2 to 3 × 10 6 Da and HA concentration from 0.33 to 1.5 mg/mL [17] .
Current treatment strategies for osteoarthritis aim at relieving the symptoms, such as pain, minimization of the articular cartilage breakdown, swelling, varying levels of lameness, osteophytes and inflammation rather than curing the disease [1, 17] . One of the most common treatment approaches is viscosupplementation (VS). Balazs and Denlinger [18] introduced this concept, a process in which the pathological SF is replaced by exogenous hyaluronic acid via intra-articular injection, with the hope of restoring the normal viscoelastic properties of SF in the joint and, thus, improving joint mobility [2, [19] [20] [21] . This approach has recently attracted some controversy regarding its therapeutic efficacy.
In an attempt to cast further light on the role of HA in OA, here we present comparative measurements of HA concentration in SF from 35 normal and osteoarthritic equine joints, using two different approaches: on the one hand, an established biochemical HA-specific ELISA assay was employed; on the other hand the same SF samples were also examined with a new exploratory approach of finding out HA concentration, which is based on SF rheology; this was done following "calibration" using appropriate model HA solutions.
Materials and Methods

Preparation of Model NaHA Solutions
We used Viscure ® as a source of pure hyaluronic acid. Viscure ® , produced by Hyaltech Ltd., is an intraarticular injection of known concentration (10 mg/mL) and molecular weight (1800-2000 kDa) of uncross linked HA, prescribed to osteoarthritic patients. The production method of Viscure ® is based on bacterial fermentation of the safe bacterial stain Streptococcus equi. This method ensures low levels of toxic metabolites and, therefore, high degree of purity. The solvent used for the dilution of the content of injection to lower concentrations was PBS (Phosphate Buffered Saline) and it was purchased from Sigma Aldrich. Sodium Azide (NaN 3 ) was added as an antimicrobial agent at a concentration of 0.1% wt.
A series of solutions of known HA concentration in the range from 0.5 mg/mL to 6 mg/mL were produced. The solutions were prepared by simply diluting the content of the injection in PBS solvent (pH = 7.4 ± 0.1). Dilutions were prepared by simply mixing the product with the solvent in a vial and then placed into a bath at 40 • C for the homogenization of the dilution. All samples were stored at ambient temperature.
Collection of Synovial Fluid Samples from Healthy and Pathological Equine Joints
Healthy SF samples were obtained from 10 mature Warmblood and 6 English Thoroughbred healthy horses, aged from 4 to 17 years (median 6 years), as previously described [22, 23] . SF was directly aspirated from the joints by using of a 21-gauge needle in a routine sterile manner. The absence of lameness at walk and trot, negative flexion tests as well as no radiographic abnormalities in the examined joints of forelimbs were the inclusion criteria for both groups. From each of the two breeds, samples were obtained from the metacarpophalangeal (Fetlock) and the intercarpal joint (Carpus). Furthermore, SF samples were obtained from the 2nd interphalangeal joint (Coffin) of 3 Warmblood horses. None of these horses had received intra-articular medication or non-steroidal anti-inflammatory drugs during the last 3 months before SF aspiration.
Pathological SF samples were collected from 9 mature Warmblood (WB) and 10 English Thoroughbred (TB) horses, aged from 4 to 18 years (median 7 years) with signs of mild to moderate lameness (grade 1-4 on the AAEP lameness scale) attributable to OA. The diagnosis of OA was based on a comprehensive orthopaedic lameness examination and a positive response to intra-articular anaesthesia of the affected joint. For radiographic assessment of the joint a minimum of four views (latero-medial, dorso-palmar and two oblique views) were used. Radiographs were scored blindly by consensus opinion of two experienced radiologists (one board-certified, ECVDI). Scores were allocated to all radiographic findings recorded, using a I-V severity grading system as Verwilghen, et al. [24] described. Radiographs were assessed for swelling, presence and size of osteophytes, narrowing of the joint space, sclerosis or lysis of the bone underlying the joint cartilage. It was required that lameness be present for at least 3 months prior to enrolment in order to exclude horses with acute soft tissue injuries/synovitis. None of the affected joints had undergone intra-articular analgesia or treatment in the month prior to SF aspiration.
Both healthy and osteoarthritic horses were residents at the same premises (horse riding school and Athens racetrack respectively) and received the same training protocol. All of the horses included in the present study were privately owned, active athletes, rather than laboratory animals. Therefore, according to the State Authorities, the only requirement for inclusion in this particular study was the written consent of the owners. Moreover, all of the horses were monitored for a prolonged period of time after the aspiration of the synovial fluid to ensure that no side effects were noted.
Rheological Studies
Rheological measurements were carried out using an AR-G2 controlled stress rheometer (TA Instruments). Both dynamic and steady state experiments were performed with a 40 mm Titanium parallel plate geometry at 37.5 • C (the physiological horse temperature) and at 25 • C with the lower parallel Peltier plate having a temperature accuracy of ± 0.1 • C, depending on sample availability. A plastic cover was fitted around the plates in order to slow down sample evaporation during the experiment. The volume of each aliquot ranged from 0.30 to 0.35 mL with a gap between the two plates from 240 to 280 µm.
The oscillatory measurements involved the Time Sweep experiment, which measures the alteration of elastic G and viscous G" moduli with time, and the Frequency Sweep experiment which measures the alteration of the same variables as a function of oscillation frequency. The strain applied to the aliquots in both experiments, was 3%, known to be in the Linear Viscoelastic Regime (LVR). The angular frequency of oscillation for Time sweep measurements was kept at 0.5 Hz (3.142 rad/s). The steady-state experiments involved the shear viscosity η measurement of all solutions in a range of shear rates from 0.1 to 1000 1/s. The rheometer's correct operation was verified by using a Cannon certified viscosity reference standard oil S60 (Cannon Instrument Company, State College, PA, USA), as indicated in Appendix B. The SF samples were measured fresh, i.e., within 24 h from aspiration; in the meanwhile, the samples were kept in a refrigerator at ca 4 • C.
ELISA Testing
For the biochemical measurements of HA concentration in equine SF samples, a commercially available, non-species specific ELISA kit (Enzyme-Linked Immunosorbent Assay kit) (TECO Hyaluronic Acid, TECO medical AG ® ) was used. This assay has been used extensively so far for the successful determination of HA concentration in biological fluids [23, [25] [26] [27] [28] [29] . The assay is based on a HA-specific binding protein (HABP) and is able to detect HA molecules of different molecular weights.
ELISA measurements were carried out as previously described [23] . In brief, samples were stored in aliquots of 500 µL at −40 • C. Prior to testing, SF samples were thawed and diluted thousands of times, typically 1:1000 to 1:2000, as appropriate in order to fit in each case in the range of quantification of the method. The susceptibility of errors related to high dilution and high viscosity of SF samples was determined by repeated dilution of three samples and calculation of variations. Control samples (C1 and C2) as well as known HA concentration samples (A-F: 0-1000 ng/mL), were used to derive the calibration curve. Incubation was carried out at 21 • C for 2 h, followed by ×5 wash with buffer. Then 100 µL of conjugate was added in each samle and incubated at 21 • C for 30 min. This was washed off, then 100 µL of substrate 3, 3 , 5, 5 -tetramethylbenzidine (TMB) was added in each sample, followed by incubation in the dark at 21 • C for 30 min. The reaction was terminated by the addition of 1M HCl. Absorbance values were recorded at 450 nm with reference at 630 nm, using a microplate spectrophotometer (Stat Fax ® 3200; Awareness Technology Inc., Palm City, FL, USA). Analysis of the absorbance values of samples and calibrators and calculations of HA concentrations were performed using the GraphPad Prism software (version 7.03; GraphPad Software Inc., La Jolla, CA, USA).
Results
Rheological Studies of Model HA Solutions and of SF Samples
In Figure 1 , the Time Sweep (A), the Frequency Sweep (B) and the Flow Step (C) experiments are presented for a representative model solution of HA concentration of 5 mg/mL at 37.5 • C. Figure 1A shows the alteration of G and G" with time. We observed an increase of G" and especially of G , after the 3rd minute. By taking into account the fact that we conduct the experiment at 37.5 • C, we inferred that this may happen due to the evaporation of the water in the sample. Therefore, we decided to consider as reliable only the values between the 1st minute (a short period is necessary in order for the sample to reach thermal equilibrium) and the 3rd minute. Regarding Figure 1B , we noticed that the viscous character of the material (G") prevails over the elastic one (G ) at lower frequencies of oscillation; the opposite response can be observed at higher frequencies of oscillation. In addition, the tendency of phase δ curve agrees with the aforementioned response, as it shows that at lower frequencies, the material is mainly viscous and at higher ones the elastic character dominates. The crossover point of the G and G" curves, which is observed at 92 rad/s, indicates that at this angular frequency G is equal to G". This response is attributed to the fact that, at low frequencies the entanglements of the HA chains is transient and the chains rearrange during the long period of oscillation [30] [31] [32] . Finally, Figure 1C shows the viscosity and the shear stress of the material as the shear rate increases. A Newtonian plateau is observed at low and medium shear rates along with a shear thinning behavior at higher shear rates in good agreement with previous studies [32] [33] [34] [35] [36] [37] [38] .
In order to compare the viscoelastic properties of the model NaHA solutions via the Time Sweep experiments, we calculated the averages and standard deviations of the rheological parameters in a time period where solvent evaporation has not noticeably begun. The resulting graph as a function of HA concentration: G" = f (c), is presented in Figure 2 .
We observed two distinct regions around a transient HA concentration related to an apparent c*: a region at lower HA concentrations (called here dilute) and a region of higher HA concentrations (called here semidilute). The apparent c* is the critical HA concentration at which polymer chains may start to overlap with each other [33, 39, 40] .
We fitted the experimental data with an equation of the form G = a · c b (Table 1) . We observed two distinct regions around a transient HA concentration related to an apparent c*: a region at lower HA concentrations (called here dilute) and a region of higher HA concentrations (called here semidilute). The apparent c* is the critical HA concentration at which polymer chains may start to overlap with each other [33, 39, 40] .
We fitted the experimental data with an equation of the form G'' = a· c b (Table 1 ). After solving the system of equations of the dilute and semidilute regimes, c* was found to be at 2.6 mg/mL at 37.5 • C, and at 2.7 mg/mL at 25 • C.
The second experiment via which we compared the viscoelastic properties of model NaHA solutions was the Frequency Sweep experiment. Graphs similar to Figure 2 were obtained, by plotting G and G" as a function of HA concentration at a frequency of 3.142 rad/s, in order to be in agreement with the parameter settings of the time sweep experiments. The data were then fitted with the same type of equation as above. The results of the fits are presented in Table 2 . In this case c* was found at 2.2 mg/mL at 37.5 • C and at 2.7 mg/mL at 25 • C. We also carried out Flow
Step experiments in order to measure the shear viscosity as a function of HA concentration in the model NaHA solutions. We noticed yet again that shear viscosity exhibits two discrete regimes as HA concentration increases: a dilute and a semidilute, around the transitional region associated with an apparent c*. The c* is found to be at 2.7 mg/mL and 2.6 mg/mL at 37.5 • C and a 25 • C respectively; these values are in agreement with previous relevant studies of shear viscosity of HA solutions [32, 41] . The results of the fits of the curves using shear viscosity at 10 s −1 , which follow the power-law formula η = a·c b , are presented in Table 3 . Following aspiration, synovial fluid samples from either normal or pathological joints, were also subjected to full rheological analysis [23] . Typical data are depicted in Figure 3 . Following aspiration, synovial fluid samples from either normal or pathological joints, were also subjected to full rheological analysis [23] . Typical data are depicted in Figure 3 . 
HA Concentration in Healthy and Pathological Equine SF Samples
At the next stage we attempted to explore whether or not SF rheology in combination with the quantitative HA rheological understanding of model HA solutions (Tables 1-3 ) and through application of appropriate correction factors, could provide us with HA concentration in unknown SF samples.
The treatment we applied is demonstrated below for rheological data from time sweep measurements (Table 1 ). The same approach also applies to the other types of rheological data (Tables 2 and 3) . We start by using the equations, as derived from the fitting of the experimental data:
where X = log(c), Y = log(G ), A = − log(a) and b is the power-law. Hence, it can be deduced that, after the substitution of the known values of G", a and b, the unknown rheologically-deduced HA concentration C HA, rheological in SF, is given by Equation (5):
After the collection of equine SF samples from the two breeds (Thoroughbred and Warmblood) and three joints (carpus, fetlock and coffin), the viscoelastic properties of the fresh SF samples were also determined (Figure 3 ) [23] . In each case the measured SF rheological values were treated as shown above (Equations (1)- (5)) and in this way, for each SF sample, a rheologically-determined HA concentration, C HA, rheological , was derived. At the same time, a separate aliquot of each SF sample was analysed by ELISA and thus a biochemically-determined HA concentration C HA, biochemical , was also derived [23] . ELISA is a widely accepted method for the determination of HA concentration in biological fluids. We expected that the comparative studies between C HA, rheological and C HA, biochemical values would reveal the actual validity or not of the values of C HA, rheological . Table 4 is a representative table that shows the derived C HA, rheological values in SF from healthy fetlock joints and comparison with the corresponding C HA, biochemical values of the same SF samples. Full table with the corresponding comparative results of SF from all healthy joints studied (fetlock, carpus and coffin) is presented in Appendix A. For each SF sample, a correction factor (C.F.) was also calculated, which illustrates the contrast between C HA, rheological and C HA, biochemical , so that: C.F. = C HA, rheological /C HA,biochemical . For comparison we also present rheologically-and biochemically-derived HA concentrations in SF from pathological equine fetlock joints (Table 5) ; a more comprehensive analysis of pathological SF from fetlock, carpus and coffin joints can be found in Appendix A. Table 5 . HA concentration in SF from pathological equine fetlock joints, as calculated either based on SF rheology or by employing the biochemical ELISA method.
Breed
C HA,rheological (mg/mL) C HA,biochemical (mg/mL) C.F. 
Discussion
In this study we aimed at exploring a practical application of SF rheology, ie whether or not we could use our quantitative understanding of the rheological behavior of model HA solutions, in order to derive information about HA concentration in unknown SF samples, via rheological analysis of this biological fluid. As can be seen in Tables 4 and A1 , SF in healthy equine joints was found to have HA concentration of ca 0.3-1.2 mg/mL, as measured by ELISA, an established biochemical method for the determination of HA concentration in biological fluids [23] . This range of HA concentrations is in agreement with previous studies of equine joints [17] . On the other hand, SF from osteoarthritic equine joints was characterized by HA concentration of ca 0.1-0.7 mg/mL, as measured by ELISA (Tables 5  and A2 ); this shows a marked decrease of HA concentration in osteoarthritic SF compared to healthy SF, again in agreement with the international literature.
Rheologically-derived calculations of HA concentration in the same SF samples produced values that, in the vast majority of cases, were many times greater than the corresponding ELISA-measured HA concentrations (Tables 4-6, Tables A1 and A2 ). The discrepancy between rheologically-derived and biochemically-derived HA concentration in each SF sample, was depicted here in each case by the term correction factor C.F. = C HA,rheological /C HA,biochemical . For fetlock joints in particular we find that SF from healthy fetlock joints produced C.F. = 7.5 ± 0.7 for Thoroughbred breed, and C.F. = 5.3 ± 0.7 for Warmblood breed; whilst in SF from osteoarthritic fetlock joints, the C.F. values were C.F. = 7.3 ± 3.1 and C.F. = 6.1 ± 2.8 for Thoroughbred and Warmblood respectively. We notice a large increase in the spread of the correction factor values as we go from the healthy to the osteoarthritic SF. For carpus joints the situation is qualitatively similar to fetlock. SF from healthy carpus joints produced C.F. = 5.8 ± 2.5, for Thoroughbred breed, and C.F. = 3.3 ± 2.3 for Warmblood breed; whilst in SF from osteoarthritic carpus joints, C.F. was equal to 9.1 ± 3.8 for Thoroughbred. We notice a large increase in the value of C.F. as well as in the spread of the correction factor values, as we go from the healthy to the osteoarthritic SF. Coffin joints give results that are qualitatively similar to carpus. SF from healthy coffin joints produced C.F. = 4.5 ± 2.9, for Warmblood, whilst SF from osteoarthritic coffin joints gave C.F. which was equal to 10.9 ± 7.1 for Warmblood. We observe again a very substantial increase in the value of C.F. as well as in the spread of the correction factor values, as we go from the healthy to the osteoarthritic SF. It is reasonable to expect that rheological determination of HA concentration in SF, will always be overestimating C HA , since in SF, apart from HA, there is also a large amount of proteins, lipids and cells that all contribute in a significant manner to SF rheology [42, 43] . In addition, the HA present in SF may have a different average MW and MW distribution compared to the model HA used here to derive the equations used for the rheological determination of C HA . For all these reasons, we introduced a correction factor which would ideally take into account all these discrepancies and would be applied on the rheologically-determined C HA , in order to correct it. Surprisingly we find that the average value of correction factor as well as its spread seem to be joint-and breed-dependent. Thus the value of CF differs from one type of joint to another, for example healthy fetlock joints of Thoroughbred breed have 7.5 ± 0.7, whilst healthy carpus joints of the same breed give 5.8 ± 2.5. Furthermore, the same type of joint gives different results depending on the horse breed, so healthy fetlock joints give CF of 7.5 ± 0.7 for Thoroughbred, and CF of 5.3 ± 0.7 for Warmblood. Finally, the state of joint also has a significant impact on CF values; as an illustration we cite that healthy carpus joints from Thoroughbred give CF of 5.8 ± 2.5, whilst the corresponding osteoarthritic joints produce CF of 9.1 ± 3.8.
These CF variations may illustrate the varying overall composition of SF as a function of joint type, joint state and breed, which result in correspondingly different values of CF. Another important observation is that in most cases, large spread values of CF are observed even within joints of the same type, state and breed. This may reflect the natural biological variability present in the composition of biological fluids of different horses, depending on the exact genetic make-up of the organism, age, physical exercise and living conditions. The lowest value of CF in healthy joint is observed in carpus joints of Warmblood, CF = 3.3 ± 2.3, whilst the highest value of CF in healthy joints, is given by fetlock joints of Thoroughbred breed, CF = 7.5 ± 0.7.
Even more impressive is the transition from healthy to osteoarthritic state for the same type of joint and breed. This transition is seen to always be accompanied by a great increase of CF spread values; this implies that SF composition in pathological joints is even more variable than in healthy ones. Finally, in most cases of transition from healthy to osteoarthritic state for the same type of joint and breed, we observe a marked increase in the average value of CF, signifying a decreased contribution of HA in SF rheology in the case of diseased joints compared to healthy ones. This may be linked to inflammation, which is common in pathological joints; inflammation is characterised by increase of total protein concentration [12, 14, 41, 44] .
As for the practical question we set out to answer: whether or not we can extract reliable C HA information from equine SF rheology, the provisional answer seems to be partially yes. This applies in particular to healthy fetlock joints, for which the correction factors seem to be well-defined with narrow spreads for each breed. This tentative conclusion should be further verified with higher n numbers and more detailed ELISA measurements. Overall the findings support the concept that equine SF rheology is complex and HA molecules may not be the major contributor of equine SF rheology. These findings also have wider implications for the development of new more effective preventive strategies as well as more efficient early-stage interventions in osteoarthritis. alteration of oil viscosity versus shear rate at 25 • C is presented in Figure A1 . The expected oil viscosity at 25 • C is 0.1055 Pa.s. The average of the measured viscosity values was found to be 0.1020 Pa.s (standard deviation is equal to 0.0014). Therefore, the difference between the theoretical and the experimental value is 3.3%. 
